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Visual Cycle Impairment in Cellular Retinaldehyde
Binding Protein (CRALBP) Knockout Mice
Results in Delayed Dark Adaptation
quenching of species activated by photoisomerization
as well as regeneration of the bleached visual pigment.
Considerable progress has been made in recent years
in understanding the molecular mechanisms responsi-
ble for quenching photoactivated species (Polans et al.,
John C. Saari,*†k Maria Nawrot,*
Breandan N. Kennedy,†‡ Gregory G. Garwin,*
James B. Hurley,†‡k Jing Huang,*
Daniel E. Possin,* and John W. Crabb§k
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Box 356485 1996; Lyubarsky et al., 2000; Xu et al., 1997; Hurley,
1994). However, some aspects of the chemistry of theUniversity of Washington
Seattle, Washington 98195 visual cycle remain controversial (McBee et al., 2000),
and the molecular functions of several components re-†Department of Biochemistry
Box 357350 main poorly understood (Redmond et al., 1998; Sun et
al., 1997; Hao and Fong, 1999). The general outline ofUniversity of Washington
Seattle, Washington 98195 the visual cycle has been apparent for a number of years.
Photoisomerization of 11-cis- to all-trans-retinal occurs‡Howard Hughes Medical Institute
Box 357370 in rod photoreceptor cells, whereas enzymatic isomer-
ization of all-trans- to 11-cis-retinol occurs in adjacentUniversity of Washington
Seattle, Washington 98195 retinal pigment epithelial (RPE) cells. The reactions in
the two cellular compartments are coupled into a cycle§Cole Eye Institute
Department of Ophthalmic Research by the directed flow of retinoids through the intercellular
matrix (Wald, 1968; Dowling, 1960; Zimmerman, 1974).Cleveland Clinic Foundation
9800 Euclid Avenue The mammalian rod visual cycle has been reviewed re-
cently (Bok, 1990; Crouch et al., 1996; Rando, 1996;Cleveland, Ohio 44195
Saari, 1994), and a minimal version is depicted in Figure 1.
One of the components of the visual cycle that is of
obvious importance in dark adaptation is cellular retinal-
Summary dehyde binding protein (CRALBP), a water-soluble pro-
tein with a high-affinity binding site that binds 11-cis-
Mutations in the human CRALBP gene cause retinal retinal or 11-cis-retinol, retinoids uniquely associated
pathology and delayed dark adaptation. Biochemical with vision (Saari, 1994). Recent studies have shown
studies have not identified the primary physiological that mutations in the human gene encoding CRALBP
function of CRALBP. To resolve this, we generated (RLBP1) cause autosomal recessive retinitis pigmentosa
and characterized mice with a non-functional CRALBP (arRP), a condition characterized by progressive photo-
gene (Rlbp12/2 mice). The photosensitivity of Rlbp12/2 receptor degeneration and night blindness (delayed
mice is normal but rhodopsin regeneration, 11-cis- dark adaptation) (Morimura et al., 1999; Burstedt et al.,
retinal production, and dark adaptation after illumina- 1999; Maw et al., 1997). Biochemical studies in vitro
tion are delayed by .10-fold. All-trans-retinyl esters have implicated CRALBP in several reactions of the vi-
accumulate during the delay indicating that isomeriza- sual cycle but have not identified the reaction that is
tion of all-trans- to 11-cis-retinol is impaired. No evi- primarily affected by the binding protein in vivo (Saari
dence of photoreceptor degeneration was observed et al., 1994; Winston and Rando, 1998; Stecher et al.,
in animals raised in cyclic light/dark conditions for up 1999a). We generated and characterized mice with a
to 1 year. Albino Rlbp2/2 mice are protected from light nonfunctional CRALBP gene (Rlbp12/2 mice) to resolve
damage relative to the wild type. These findings sup- this issue. From the studies that we report here, it is
port a role for CRALBP as an acceptor of 11-cis-retinol clear that isomerization of all-trans- to 11-cis-retinol in
in the isomerization reaction of the visual cycle. the visual cycle is substantially impaired in the absence
of CRALBP.
Introduction
Results
Bleaching of visual pigments causes a decrease in the
sensitivity of the visual system that cannot be accounted Generation of Rlbp12/2 Mice
Chimeric mice were produced by electroporation of thefor simply by the loss in the ability to absorb photons
(Rushton, 1961; Dowling, 1960). For instance, in humans targeting vector into embryonic stem cells and implanta-
tion of homologous recombinants into mouse blasto-a 25% reduction of the amount of visual pigment de-
creases rod sensitivity by ,0.3 log unit, whereas bleach- cysts. Matings of three high-percentage chimeric mice
with C57Bl/6 mice produced progeny of several coating 25% of the visual pigment decreases rod sensitivity
by .104 (Ripps et al., 1978). Restoration of photosen- colors. PCR screening of initial litters revealed Rlbp12/2
mice in the albino population of offspring. Continuedsitivity in darkness (dark adaptation) requires both
breeding of the chimeras resulted in gray Rlbp12/2 mice
with pigmented eyes. The ratio of albino to pigmentedk To whom correspondence should be addressed (jsaari@u.
Rlbp12/2 mice was z3 to 1. We have studied the albinowashington.edu [J. C. S.], crabbj@ccf.org [J. W. C.], jbhhh@u.
washington.edu [J. B. H.]). Rlbp12/2 mice most thoroughly. Pigmented Rlbp12/2
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night period in the dark. Following a flash that bleached
z80% of their visual pigment, albino Rlbp11/1 and
Rlbp11/2 mice regained the original amount of rhodopsin
after z1.5 hr in the dark. Albino Rlbp12/2 mice, in con-
trast, required 18–24 hr to achieve the original amount
of rhodopsin (Figure 3).
Delayed Dark Adaptation in Rlbp12/2 Mice
To determine whether dark adaptation was affected by
the absence of CRALBP, we performed full-field electro-
retinographic (ERG) analysis of mutant and control mice,
all of which had the same initial amount of visual pig-
ment. Figure 4A (upper) depicts a series of a-waves
recorded during recovery of a dark-adapted Rlbp11/1
mouse from illumination that bleached virtually all of its
visual pigment. With these conditions, recovery of visual
sensitivity is dependent on visual cycle-derived 11-cis-
retinal chromophore. Substantial recovery of sensitivity
was observed in 3 hr. In contrast, the a-wave of Rlbp12/2
mice failed to recover during this period of time (Figure
4A, lower). The time courses of a-wave recovery ofFigure 1. A Depiction of the Vertebrate Rod Visual Cycle
Rlbp1/1, 1/2, and 2/2 mice are depicted in more detailReactions occurring in retinal pigment epithelial (RPE) cells and in
rod photoreceptor cells are shown above and below the horizontal in Figure 4B. The heterozygote appears to recover from
lines, respectively. The interphotoreceptor matrix (IPM) is repre- bleaching more slowly than the wild type (wt). In con-
sented by the space between the horizontal lines. Absorption of trast, little recovery of the Rlbp12/2 mouse was observed
light by rhodopsin in the disk membrane converts 11-cis- to all- during this time period.
trans-retinal and generates the active photoproduct, metarhodopsin
We noted identical recovery rates in Rlbp11/1 andII (Meta II). The Schiff base linking all-trans-retinal and opsin is
2/2 mice subjected to a flash that bleached ,10% ofhydrolyzed to release free all-trans-retinal. All-trans-retinol dehy-
drogenase (RDH) catalyzes the reduction of all-trans-retinal to all- their visual pigment (Figure 4C). Here the sensitivity of
trans-retinol by NADPH. All-trans-retinol leaves the photoreceptor the visual system is reduced by an active photoproduct
cell, traverses the interphotoreceptor matrix and enters the RPE and the decrease in photon catch due to the loss of
where it is esterified by lecithin:retinol acyltransferase (LRAT). All- rhodopsin is relatively insignificant. Thus, the quenching
trans-retinyl ester is converted to 11-cis-retinol and free fatty acid
of the desensitizing molecule(s) occurred at the sameby an isomerohydrolase or isomerase (ISOM). 11-cis-Retinol can be
rate in both Rlbp11/1 and Rlbp12/2 mice (Figure 4C)esterified by LRAT and stored or oxidized to 11-cis-retinal by 11-
cis-retinol dehydrogenase (11-RDH). 11-cis-Retinal diffuses into the under these conditions.
photoreceptor cell where it associates with opsin to regenerate the Cone visual function was assessed by delivering an
visual pigment. 11-cis-Retinyl esters can be hydrolyzed and utilized initial flash that bleached virtually all rod and cone visual
for visual pigment regeneration by retinyl ester hydrolase (REH). pigments and then following recovery of the cone-initi-Modified from Saari (1997) with permission of JAI Press and from
ated b-wave under conditions in which rod signals werePalczewski et al. (1999), with permission from the American Chemi-
suppressed by a pretest flash (Lyubarsky et al., 1999,cal Society.
2000). With this paradigm, recovery of the cone re-
sponse was found to be delayed in the Rlbp12/2 animalsmice were qualitatively similar to the albino mice in the
by z2-fold relative to Rlbp11/1 (Figure 4D).parameters examined.
Visual Cycle Activity in Rlbp2/2 MiceEvidence of Disruption of Rlbp1
We analyzed visual cycle intermediates during recoveryEvidence supporting disruption of the Rlbp1 locus was
from a flash to determine which reaction was affectedprovided by PCR analysis of genomic DNA (Figure 2B).
by the absence of CRALBP. HPLC traces of visual cyclePrimers to Rlbp1 flanking the neor insertion site ampli-
retinoids are shown in Figure 5A, and the results offied only the expected product in Rlbp11/1 mice. Primers
between four and six analyses are summarized in Figureto the neor cassette or a combination of a primer to
5B. In Rlbp11/1 mice, the flash resulted in an immediateRlbp1 and one to neor generated only the expected
loss of z80% of the 11-cis-retinal of the retina and anproduct in Rlbp12/2 mice.
immediate gain in all-trans-retinal, reflecting the bleach-In contrast to the Rlbp11/1 mice, in which CRALBP is
ing of rhodopsin (Figure 5B, upper panel). Within z1 hrpresent in RPE and Mu¨ller cells (Figure 2C), no signal
in the dark, the amounts of these retinoids had returnedwas evident in Rlbp12/2 mice using a monoclonal or
to their dark-adapted values. The amount of retinyl es-two different polyclonal anti-CRALBPs (Bunt-Milam and
ters transiently increased during the recovery period.Saari, 1983). Immunoblotting of extracts from retinas
With Rlbp12/2 mice, the flash produced the expectedrevealed the absence of the characteristic 36 kDa pro-
decrease in 11-cis-retinal and the increase in all-trans-tein in Rlbp12/2 mice (Figure 2D).
retinal (Figure 5B, lower panel). All-trans-retinal decayed
with normal kinetics. 11-cis-Retinal did not recover overRegeneration of Rhodopsin in Rlbp12/2 Mice
4 hr; however, complete regeneration was noted afterRlbp11/1 and 2/2 mice had approximately the same
amount of visual pigment (600 pmole/eye) after an over- 24 hr. Retinyl esters accumulated during the delay in
CRALBP Knockout Mice
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Figure 2. Targeted Disruption of Rlbp1
(A) Strategy used for disruption of Rlbp1. The structure of Rlbp1 and a phage clone encompassing the first six exons are shown in schematic
form in the top two lines. The targeting vector and a product of homologous recombination are shown in the bottom two lines.
(B) PCR analysis. DNA was extracted from sections of mouse tails and subjected to analysis with PCR primers corresponding to wt or Rlbp12/2.
Neo 1 and 2; neomycin resistance gene primers, as specified in Experimental Procedures. wt, wild-type primers. The size of the PCR products
is shown on the left in base pairs.
(C) Immunocytochemistry. Retinas from the indicated mice were fixed, sectioned at 12 mM and stained with polyclonal anti-CRALBP. The
intense staining of RPE and Mu¨ller cells in sections from Rlbp11/1 mice is absent in sections obtained from Rlbp12/2 mice. RPE, retinal
pigment epithelium; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer.
(D) Immunoblot analysis of retinal extracts. Retinas were obtained from the indicated mice. Soluble fractions were prepared and analyzed by
SDS-PAGE. Blots were stained with polyclonal anti-CRALBP. The arrowhead indicates the migration position of CRALBP.
recovery of 11-cis-retinal and returned to their initial retinas by light microscopy did not reveal evidence of
photoreceptor degeneration in the knockout mice (Fig-values after 24 hr in the dark when 11-cis-retinal levels
had achieved their dark-adapted values. The distribu- ure 6A). The number of photoreceptor nuclei in the outer
nuclear layer of retinas from Rlbp12/2 mice was approxi-tion of retinoids observed with Rlbp11/2 mice was similar
to that of Rlbp11/1 mice (Figure 5B, middle panel). The mately normal (10.3 6 1.0; normal value 12, Lewin et
al., 1998) and the outer segment and plexiform layersretinyl esters that accumulated in Rlbp12/2 mice during
the delay were z90% all-trans-retinyl esters as deter- appeared well-ordered. The retinas of albino Rlbp11/1
mice had fewer nuclei in the outer nuclear layer (ONL)mined by HPLC analysis (Figure 5C, lower panel). Thus,
the substrate for the isomerohydrolase (all-trans-retinyl (7.8 6 0.8) than the Rlbp12/2 animals (Figure 6), sug-
gesting that some light damage had occurred and thatester) (Rando, 1996) accumulated during the delay in
11-cis-retinal regeneration (see Figure 1). the absence of CRALBP had a protective effect (see
section below).The observed time constants (t values) for regenera-
tion of 11-cis-retinal were: Rlbp11/1, 30 min; Rlbp11/2,
37 min; Rlbp12/2, could not be determined. The time Light Damage
constants for decay of all-trans-retinal were: Rlbp11/1, Albino mice were exposed to continuous illumination
15 min; Rlbp11/2, 17 min; Rlbp12/2, 14 min. (40 lux) in cages in a standard mouse-cage room. At
intervals, mice were sacrificed and their retinas exam-
ined by light microscopy. Both Rlbp11/1 and Rlbp12/2Morphological Analysis
Albino mice were raised in cyclic light for up to 13 mice experienced a decrease in the number of photore-
ceptor cells in constant light. However, at all intervalsmonths (12 hr light, 12 hr dark). Examination of their
Neuron
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bino trait was introduced with the embryonic stem (ES)
cells, given the uncertain genetic history of the 129SvJ
mouse from which the ES cells were derived (Jackson
Laboratories Bulletin No. 1, http://www.jax.org/jaxmice).
Segregation of the two loci would then occur infre-
quently, and most of the Rlbp12/2 mice would be albino,
as was observed.
Rando and associates proposed that an isomerohy-
drolase converts all-trans-retinyl esters to 11-cis-retinol
and a fatty acid (Deigner et al., 1989; Rando, 1996).
Others have proposed direct isomerization of all-trans-
retinol to 11-cis-retinol via a carbocation intermediate
(McBee et al., 2000). Accumulation of all-trans-retinylFigure 3. Bleaching and Regeneration of Rhodopsin
esters in Rlbp12/2 mice following flash illumination (Fig-Dark-adapted albino mice were subjected to a flash followed by
ure 5B) is consistent with an impairment of isomerizationincubation in the dark. Rhodopsin was extracted under red illumina-
by either mechanism because: (1) if all-trans-retinol weretion from mouse eyes at the times indicated and its concentration
was determined as described. The symbols to the left of zero repre- to accumulate, it would be esterified rapidly by leci-
sent dark-adapted levels. thin:retinol acyltransferase (LRAT) (Saari and Bredberg,
1989) (Figure 1); (2) blockage of all-trans-retinyl ester
hydrolase is unlikely because CRALBP does not bind
longer than 20 days, the number of nuclei in the ONL all-trans-retinoids (Saari and Bredberg, 1987); and (3)
of Rlbp11/1 mice was reduced compared to Rlbp12/2 CRALBP with its high affinity, cis-specific, retinoid bind-
mice. After 60 days of continuous illumination, the num- ing site, would facilitate 11-cis-retinol synthesis by either
bers of nuclei in the ONL of Rlbp11/1 and Rlbp12/2 mice proposed mechanism. Thus, the most satisfactory ex-
were 1.72 6 0.5 and 7.35 6 0.91, respectively. Represen- planation for the phenotype of the Rlbp12/2 mouse is a
tative photomicrographs of Rlbp11/1 and Rlbp12/2 mice primary delay of isomerization of all-trans-retinoid to 11-
exposed to constant light for 60 days are shown in Fig- cis-retinol in the absence of CRALBP.
ure 6B. Rlbp12/2 mice share phenotypic features with humans
with fundus albipunctatus, a congenital stationary night
blindness (Carr, 1994). In both conditions rhodopsin re-Discussion
generation is substantially delayed and both appear to
be stationary (non-progressive). Fundus albipunctatusStudies in vitro demonstrated that CRALBP affects the
has been associated with mutations in the gene encod-kinetic properties of four enzymes of the mammalian
ing the visual cycle enzyme RDH5 (11-cis-retinol dehy-visual cycle. The rates of enzymatic esterification and
drogenase, Figure 1) (Yamamoto et al., 1999; Gonzalez-oxidation of 11-cis-retinol by RPE microsomes were re-
Fernandez et al., 1999). Because CRALBP increases the
duced by 10-fold and modestly stimulated, respectively,
rate of oxidation of 11-cis-retinol to 11-cis-retinal by
when the retinoid substrate was bound to CRALBP
RDH5 in vitro (Saari et al., 1994), it was possible that
(Saari et al., 1994). Other studies demonstrated that apo-
the Rlbp12/2 phenotype resulted from a primary impair-
CRALBP stimulates conversion of all-trans- to 11-cis- ment of the RDH5 reaction. However, the resulting 11-
retinol by RPE microsomes (Stecher et al., 1999a,b; Win- cis-retinol would be esterified and would accumulate as
ston and Rando, 1998) and is required for hydrolysis of 11-cis-retinyl ester, as is observed in the RDH5 knockout
endogenous 11-cis-retinyl esters (Stecher et al., 1999a). mouse (Driessen et al., 2000). Notably, the retinyl ester
The night blindness reported in human patients with that accumulated in Rlbp12/2 mice retinas contained
CRALBP mutations could result from defects in any of little 11-cis-isomer and 11-cis-retinol did not accumu-
these enzymatic activities. To identify the primary physi- late, supporting a primary defect upstream of the oxida-
ological function of CRALBP in vivo, we generated and tion reaction.
characterized mice with a non-functional CRALBP gene. How could CRALBP stimulate isomerization? Binding
The strategy for targeted disruption of Rlbp1 con- of the product of isomerization (11-cis-retinol) by apo-
sisted of insertion of a neomycin resistance cassette CRALBP, coupled with its oxidation to 11-cis-retinal,
(neor) into exon 3 (Intres et al., 1994; Kennedy et al., provides a strong driving force for the reaction (Saari et
1998). Stop codons in neor preclude translation of all al., 1994; Stecher et al., 1999a; Winston and Rando,
but a potential 16 residue amino-terminal fragment of 1998). This mechanism is suggested by experiments in
CRALBP, which is insufficient for ligand binding (Chen vitro because other proteins with affinity for 11-cis-reti-
et al., 1994; Crabb et al., 1998). Immunocytochemistry nol also stimulated isomerase activity (Stecher et al.,
and Western analysis, using antibodies recognizing 1999a). There must be a mechanism downstream of the
three different epitopes, confirmed the absence of isomerase for the rapid release of 11-cis-retinol or 11-
CRALBP. These results make it highly unlikely that any cis-retinal from CRALBP, allowing the binding protein
functional portion of CRALBP is expressed in Rlbp12/2 to function catalytically instead of stoichiometrically.
mice. Continued study may reveal impaired downstream inter-
The majority of Rlbp12/2 mice bred from chimeras actions.
were albino. Rlbp1 and Tyr (tyrosinase) both localize The absence of CRALBP delays the production of 11-
with 5 cM on mouse chromosome 7 (http://bioinfo. cis-retinal by .10-fold in Rlbp12/2 mice but regeneration
of the full complement of rhodopsin occurs within 24 hrweizmann.ac.il/cards/index.html). It is likely that the al-
CRALBP Knockout Mice
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Figure 4. ERG Analyses
(A) Representative ERG recordings during
dark adaptation following a complete pho-
tobleach. At the indicated times in the dark,
ERG responses to a test flash, which caused
26,000 photoisomerizations per rod, were re-
corded. Upper panel, Rlbp11/1; lower panel,
Rlbp12/2.
(B) Recovery of the saturated amplitude of the
a-wave after a complete bleach. Fractional
a-wave potentials (7 ms after the probe flash)
are shown as a function of recovery time in
the dark.
(C) Recovery of the saturated amplitude of
the a-wave after a ,10% bleach. Fractional
a-wave potentials (7 ms after the probe flash)
are shown as a function of recovery time in
the dark.
(D) Recovery of the cone b-wave amplitude
after a complete bleach. Peak amplitudes of
cone-initiated b-waves were measured at the
indicated times 1.5 s after a flash that drives
rods into saturation.
in the dark. What substitutes for CRALBP in its absence? on 11-cis-retinal derived from the visual cycle, which is
clearly delayed in this animal. However, when only aIt is possible that the reaction simply proceeds at a
slow rate in the absence of CRALBP or that absence of small fraction of visual pigment is bleached, the visual
system is desensitized primarily by the production ofCRALBP unmasks another route for isomerization. One
possibility is cellular retinol binding protein (CRBP), an active photointermediate(s) (Ripps et al., 1978). Re-
sensitization thus depends primarily on quenching ofwhich stimulated production of 11-cis-retinol from all-
trans-retinol by preparations of RPE microsomes (Stecher this active component(s), a multi-step process whose
final step is reduction of all-trans-retinal to all-trans-et al., 1999a, 1999b).
The results reported in this study with wt albino mice retinol (Hofmann et al., 1992; Yamamoto et al., 1997). The
molecular identity of this desensitizing species remainsagree with results of earlier studies with wt pigmented
mice that showed reduction of all-trans-retinal to be a controversial (Fain et al., 1996; Buczylko et al., 1996)
and our experiments do not resolve this issue. However,slow step in the visual cycle (Saari et al., 1998; Palczew-
ski et al., 1999). However, with the greater amount of reduction of all-trans-retinal occurs with approximately
normal kinetics in Rlbp12/2 mice, consistent with thebleach obtained with albino mice in this study (80%
compared to 35% in previous studies) we also observed suggestion that this retinoid may be a component of the
desensitizing species (Buczylko et al., 1996).transient accumulation of all-trans-retinyl esters during
the recovery phase, suggesting that isomerization to Recovery of cone visual function was assessed by
first bleaching virtually all rod and cone visual pigments.11-cis-retinol is also relatively slow. Regeneration half-
times of z20 min (t1/2 5 0.693t) after a flash bleach Recovery of the b-wave was then monitored under con-
ditions in which rod signals were completely sup-were observed for wt albino mice here (Figure 5B, upper
panel) and in Palczewski et al. (1999). A somewhat faster pressed. Resensitization of cone function appeared to
be delayed in the Rlbp12/2 mouse by a factor of z2. Littleregeneration half-time (15 min) was reported in Saari et
al. (1998). The reasons for the discrepancy in these val- is known about the visual cycle in cone photoreceptors,
although there is evidence to suggest that it is differentues are not known but may be related to the heteroge-
neous mix of pigmented mice used in Saari et al. (1998) from that in rods (Redmond et al., 1998). If our conclu-
sions regarding cone function are correct, this impliesand the greater amount of bleach in this study.
The ERG results obtained with large fractional bleaches that the same or a similar isomerase reaction functions
in regeneration of both classes of visual pigments.of visual pigment are consistent with impaired visual
cycle activity in Rlbp12/2 mice. Under these conditions, In constant light, the impaired visual cycle of albino
Rlbp12/2 mice is unable to keep up with photoisomeriza-the sensitivity of the retina is decreased by both the
generation of a desensitizing intermediate and by the tion, and the rhodopsin content of the retinas is reduced
to a very low level (unpublished data). Because the ac-loss of rhodopsin. Resensitization, therefore, depends
Neuron
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Figure 5. Analysis of Visual Cycle Retinoids from Albino Mice
(A) HPLC traces from analyses of extracted retinoids. Dark-adapted mice were flashed and placed in the dark for 1 hr. Upper, dark-adapted
Rlbp11/1 mice. Middle, Rlbp11/1mice, 1 hr after a flash. Lower, Rlbp12/2 mice 1 hr after a flash. 1, retinyl esters; 2, retinyl acetate (internal
standard); 3, syn 11-cis-retinal oxime; 4, syn all-trans-retinal oxime; 5, anti 11-cis-retinal oxime; 6, anti all-trans-retinal oxime.
(B) Retinoid composition during recovery from a flash. Retinoids were extracted from the eyes of albino mice before a flash (dark) and at the
times indicated during recovery from the flash in the dark. The bars show the mean values and standard deviations from the mean (n $ 3).
The time indicated as t 5 0 is z30 s after the flash. Upper panel, Rlbp11/1 mice; middle panel, Rlbp11/2 mice; lower panel, Rlbp12/2 mice.
(C) Analysis of retinyl esters. Upper panel, standards: 1, 11-cis-retinyl palmitate; 2, all-trans-retinyl palmitate. Middle panel, dark-adapted
Rlbp12/2 mice. Lower panel, Rlbp12/2 mice, 30 min in the dark after a flash.
tion spectrum for damage from visible light resembles servations that associate decreased visual cycle activity
with protection from light damage (Grimm et al., 2000;that of rhodopsin (Noell et al., 1966; Williams and Howell,
1983), it is likely that the protective effect of the Rlbp1 Danciger et al., 2000).
CRALBP is normally expressed in both Mu¨ller andnull mutation is related to reducing the amount of this
mediator. This explanation is consistent with recent ob- RPE cells in retinas of wt mice. The absence of CRALBP
Figure 6. Histology of Albino Mice
(A) Comparison of normal and knockout mice raised in cyclic light (12 hr light:12 hr dark) for 5.5 months. Sections of retina were treated with
Richardson’s stain after perfusion fixation. Left panel, Rlbp11/1; right panel, Rlbp12/2.
(B) Comparison of retinas from normal and knockout mice maintained in constant light for 60 days. Sections of retina were treated with
Richardson’s stain after immersion fixation of the eye. Left panel, Rlbp11/1; right panel, Rlbp12/2. RPE, retinal pigment epithelium; OS, outer
segments; IS, inner segments; ONL, outer nuclear layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL,
ganglion cell layer.
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Generation of Rlbp12/2 Micein RPE cells is probably responsible for the delayed
Genome Systems, Inc. (St. Louis, MO) carried out homologous re-regeneration of rod visual pigments in Rlbp12/2 mice
combination of the targeting vector in embryonic stem (ES) cellsbecause the known enzymatic components of rod visual
from a 129SvJ mouse and generated chimeric mice using blastocyst
pigment regeneration are in these cells (Bok, 1990; implantation.
Crouch et al., 1996; Rando, 1996; Saari, 1994). Does the
absence of CRALBP in Mu¨ller cells also contribute to Housing of Mice
Except when specifically mentioned, mice were born and raised inthe phenotype? It seems unlikely that CRALBP would
a dark environment and were fed standard mouse chow. All proce-perform entirely different functions in RPE and Mu¨ller
dures involving the mice (for instance, changing cage litter, tailing,cells because the binding protein purifies from both tis-
etc.) were carried out with red illumination. To determine whethersues with bound endogenous 11-cis-retinoids (Saari et
photoreceptor degeneration occurred, knockouts and controls were
al., 1982). Could the absence of CRALBP in Mu¨ller cells raised in a standard mouse cage room with cyclic light (12 hr light/
be related to the delayed regeneration of the cone ERG? 12 hr dark). The illuminance at the level of the top shelf of the cage
rack was z40 lux, as determined with a Model 350 Optical PowerPerhaps the contributions of these two cell types to the
Meter (VDT Instruments, Baltimore, MD).phenotype can be dissected by selective reintroduction
of the gene into RPE or Mu¨ller cells of the Rlbp12/2
Light Damagemouse or by cell-selective inactivation of the gene in wt
Mice were exposed to continuous diffuse white fluorescent light (40mice.
lux) for up to 60 days in a standard mouse-cage room supplied
Mutations in the human gene encoding CRALBP result by the Department of Comparative Medicine. The illuminance was
in autosomal recessive retinitis pigmentosa (arRP), in- measured at the cage level as described above. Mice were fed
standard mouse chow during the period of constant light. The extentcluding an atypical form best characterized as retinitis
of light damage to the retina was determined by counting the numberpunctata albescens (Maw et al., 1997; Morimura et al.,
of photoreceptor nuclei in the outer nuclear layer of the retina, as1999; Burstedt et al., 1999). The phenotype of the
described under the heading of Light Microscopy.Rlbp12/2 mouse shares features with the human dis-
ease, including recessive inheritance and night blind-
Immunocytochemistry
ness. Here we demonstrate that night blindness (de- For light damage experiments (Figure 6B), mice were sacrificed
layed dark adaptation) is caused by impaired synthesis with an overdose of sodium pentabarbital, the eyes removed and
immediately immersed in fixative (4% paraformaldehyde in a 0.13of 11-cis-retinol. However, in arRP the photoreceptor
M phosphate buffer [PB], pH 7.4) at 48C for 3–4 min. The anteriorcells degenerate with progressive loss of vision, and we
chamber was removed to generate eyecups, which were re-observed little or no reduction in the number of photore-
immersed in fixative for 6 hr at 48C. Eyecups were washed with PBceptors in Rlbp12/2 mice over a one-year period. What
and infiltrated at 48C with PB-5% sucrose (20 min), PB-10% sucrose
causes this difference in the rates of progression of the (20 min), and PB-30% sucrose (overnight). Eyecups were mounted
condition in the two species? Perhaps the complete in O.C.T. embedding medium (Tissue-Tek, Sakura Finetek USA, Tor-
rance, CA), frozen on dry ice and sections (12 mm) cut at 2208Cabsence of CRALBP in the mouse null mutation is less
with a cryostat. Wells (6 mm dia.) were made around each mounteddeleterious than the continual production of mutant
section by applying a rubber O-ring glued to the slide with nailforms, which have been noted to be poorly soluble in
polish. The sections were treated with a blocking solution (2% horsevitro (Maw et al., 1997) and which could be toxic. It is
serum, 1% bovine serum albumin, and 0.1% Triton X-100 in PBS)
also possible that photoreceptor cell degeneration will for 30 min at room temperature (RT). The primary antibody (two
become apparent in older Rlbp12/2 mice. polyclonal and one monoclonal anti-CRALBP) was diluted just prior
to use with 0.3% Triton X-100 in phosphate buffered saline (PBS),
and the sections were incubated for 2 hr at RT, and washed three
Experimental Procedures
times for 5 min each with PBS at RT. The secondary antibody (FITC-
conjugated anti-IgG diluted with PBS 1 0.3% Triton X-100) was
All procedures with animals were approved by the University of
applied to the sections for 30 min at RT. Preimmune serum of the
Washington Animal Care Committee, and were in accord with rec-
appropriate type was used as a control. Sections were washed three
ommendations of the American Veterinary Medical Association
times for 5 min each with PBS at RT. Finally, the rubber rings were
Panel on Euthanasia (Andrews et al., 1993) and the Association for
removed and coverslips applied with a medium consisting of 90%
Research in Vision and Ophthalmology policy for use of animals in
glycerol, 10% 0.13 M phosphate buffer to which was added DABCO
ophthalmic and vision research. All procedures involving retinoids
(1,4-diazo-cyclo[2.2.2] octane) to make a final concentration of 2%.
or visual pigments were carried out in dim red light or in the dark
Alternatively, mice were anesthetized with sodium pentabarbital
to minimize photoisomerization and photodecomposition.
and perfused with 4% paraformaldehyde, buffered with 0.13 M so-
dium phosphate at pH 7.4 (Figure 6A). Following enucleation, the
eyes were immersed in fixative and processed as described above.Construction of the Targeting Vector
The targeting vector was generated by inserting neor into the Sac
1 site of coding exon 3 (Figure 2A). The final targeting vector was Light Microscopy
Mice were sacrificed and the eyes fixed as above for immunocyto-assembled using vector pGT-NT28 (Dr. Roby Polakiewicz, New En-
gland Biolabs, Beverly, MA) and plasmid subclones of 129SvJ chemistry. After fixation, the eyecups were washed three times for
10 min each with PB, dehydrated with a graded series of ethanol-mouse Rlbp1 (Kennedy et al., 1998, 1999). A z5.4 kb 59-arm, con-
sisting of a 59-flanking region through exon 3, was directionally water solutions (35%, 70%, 95%, and twice in 100% ethanol, 15
min per step), and infiltrated with JB-4 methacrylate embeddingcloned upstream of the neor in pGT-NT28. A z3.8 kb 39-arm, con-
sisting of part of exon 3 through part of exon 5, was directionally medium (Polysciences, Warrington, PA) as follows: ethanol:uncata-
lyzed JB-4 (1:1, vol:vol), 1 hr at RT; pure, uncatalyzed JB-4, 1 hr,cloned between the neo and thymidine kinase (tk) cassettes in pGT-
NT28. The structure of the vector was verified by restriction and RT; pure uncatalyzed JB-4 in a sealed vial at 48C, overnight. Eyecups
were transferred to JB-4-type embedding molds containing freshlyPCR mapping and DNA sequencing. The final targeting vector en-
compassed z16.5 kb including z9.2 kb of Rlbp1. The targeting catalyzed JB-4 medium, covered to prevent access of oxygen and
hardened for at least 4 hr at RT prior to sectioning. Sections (5 mm)vector was linearized by Not 1 prior to electroporation of embryonic
stem (ES) cells. Homologous recombination in ES cells was demon- were cut using a Sorvall JB-4 microtome, heat-mounted on glass
slides and stained with 10% Richardson’s stain. Coverslips werestrated by Southern analyses (not shown).
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applied using Permount adhesive prior to viewing and photomicro- mJ/cm2 flash of white light were then recorded at 2–3 min intervals.
The flash was estimated to cause 26,000 photoisomerizations pergraphy.
rod in the albino mouse. This estimate was based on a calculation
of the amplification factor, A, as described by Lyubarsky and PughPCR Screening
(1996) by fitting a series of a-wave rising phase responses recordedDNA for genotype analysis was obtained from tail biopsies collected
over a range of flash intensities. The number of photoisomerizationsat weaning. A Qiagen Dneasy kit (Qiagen, Valencia, CA) was used
produced by the flash was determined based on the reported valuefor DNA extraction and purification. The following primers were used
of A 5 7.2/sec2. Amplitudes of the a-wave were measured at 7.0to characterize the genotype: wt upstream, 59-TTA GAC TCA CAG
ms following the flash and averaged from data taken from threeGGG CCA ACA-39, wt downstream, 59-ATG ATC CTT GGT TGT GAG
mice. Mice were maintained in an anaesthetized state throughoutCTG CTC-39; neo1 upstream, 59-TTA GAC TCA CAG GGG CCA
the experiment by boosts with 25% of the initial dose of anestheticACA-39, neo1 downstream, 59-TAA AGC GCA TGC TCC AGA CT-39;
delivered every 20 min, beginning 45 min into the experiment (Hetlingneo2 upstream, 59-ATT TTG AAT GGA AGG ATT GGA GCT A-39,
and Pepperberg, 1999). The electrode was removed and replacedneo2 downstream, 59-ATG ATC CTT GGT TGT GAG CTG CTC-39.
with fresh methyl cellulose every 20 min. For the partial bleachThe PCR products from these primers are as follows: wt primers,
experiment in Figure 4C, the same protocol was followed except508 bp; neo1 primers, 554 bp; neor2 primers, 401 bp. For routine
that the initial bleaching illumination lasted 1.5 s instead of 5 min.screening, wt and neor1 primers were used in separate PCR reac-
Mouse cone ERG responses were recorded using a paired flashtions. Genomic DNA (500 ng) was mixed with 600 mM of upstream
protocol (Lyubarsky et al., 1999, 2000). The mouse was anaesthe-and downsteam primers, 0.3 ml of Taq DNA polymerase (Promega,
tized and subjected to a complete bleach of visual pigment as de-Madison, WI), 5 ml of 103 buffer (Promega Polymerase kit), 1.5 mM
scribed above. Cone b-wave responses were measured at 2–3 minMgCl2, and 200 mM each dNTP, in a volume of 50 ml. The reaction
intervals. For each measurement a bright, conditioning flash of whitemixture was assembled on ice and processed in a Perkin Elmer
light (100 ms at 1 mW/cm2) was used to saturate rod responses.GeneAmp 2400 thermal cycler as follows (temperatures in Centri-
Cone b-wave responses (typically 300 mV before bleaching) weregrade): 948/5 min; 32 cycles, 948/30 s, 608/30 s, 728/90 s; 728/7 min.
recorded 1.5 s after the conditioning flash using a white flash probeReactions were stored at 48C until analysis by agarose gel electro-
stimulus. The probe flash energy at the position of the cornea wasphoresis.
4.4 mJ/cm2. The data shown in Figure 4D are averaged from three
Rlbp11/1 and four Rlbp12/2 mice. Error bars in all the figures repre-Photobleaching and Regeneration Protocols
sent standard deviations from the mean.Mice were dark adapted for at least 24 hr before each experiment.
Hand-held mice were individually subjected to a single flash from
Rhodopsin Determinationa photographic flash unit (Sunpak Auto 433D Thyristor) at the maxi-
Rhodopsin was solubilized from homogenized whole eyes as de-mum setting, attenuated with a 0.3 O.D. neutral-density filter for
scribed previously (Palczewski et al., 1999), and its concentrationalbino mice. At intervals in the dark after the flash, mice were killed
determined by the decrease in absorbance after bleaching usingby cervical dislocation, their eyes removed, rinsed with sterile water
an extinction coefficient of 42,000 lmol21 cm21.and frozen within 30 s.
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